Do bacterial taxa demonstrate clear endemism, like macroorganisms, or can one site's bacterial community recapture the total phylogenetic diversity of the world's oceans? Here we compare a deep bacterial community characterization from one site in the English Channel (L4-DeepSeq) with 356 datasets from the International Census of Marine Microbes (ICoMM) taken from around the globe (ranging from marine pelagic and sediment samples to sponge-associated environments). At the L4-DeepSeq site, increasing sequencing depth uncovers greater phylogenetic overlap with the global ICoMM data. This site contained 31.7-66.2% of operational taxonomic units identified in a given ICoMM biome. Extrapolation of this overlap suggests that 1.93 × 10 11 sequences from the L4 site would capture all ICoMM bacterial phylogenetic diversity. Current technology trends suggest this limit may be attainable within 3 y. These results strongly suggest the marine biosphere maintains a previously undetected, persistent microbial seed bank.
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deep sequencing | microbial ecology | rare biosphere B aas Becking (1) proposed that, in microbial ecology, "everything is everywhere, but the environment selects," suggesting that variation in environmental factors drives biogeographic patterns of microbial community membership. Microbial communities are altered by environmental factors such as day length, pH, and biological interactions (2) (3) (4) (5) . In some ecosystems, community composition changes quickly across space and time as niches open and close; these changes may reflect rapid dispersal or rapid growth of rare or dormant taxa from a "microbial seed bank" (6) (7) (8) (9) . Many studies indicate that dispersal between distant environments is limited (10) (11) (12) (13) , implying that microbial communities also can be shaped by their demographic history, especially at finer phylogenetic levels.
Sequencing costs now are dropping low enough to allow deep sequencing of individual microbial communities. Our L4-DeepSeq dataset (∼10 million 16S rRNA V6 reads) showed that nearly all operational taxonomic units (OTUs) identified at any time during a 72-mo time series from one location in the Western English Channel were present in this single deeply sequenced time point (6, 14) . Therefore, in this ecosystem, virtually all taxa were present at all times, but their abundance varied over many orders of magnitude as environmental conditions changed. These results suggest that, in contrast to the widely accepted model that the presence or absence of particular microbial taxa drives community structure, sufficient sequencing would show instead that global patterns of bacterial community composition within the marine biosphere consist primarily of changes in relative abundance of community members shared across all environments. In other words, the null hypothesis-that all bacteria are found in any particular environment because of an immense and persistent microbial seed bank-might be tested against the alternative hypothesis-that some environments lack some bacteria, i.e., that endemism exists-by sufficient sequencing.
Here we begin to test this hypothesis by comparing the L4-DeepSeq dataset with the global International Census of Marine Microbes (ICoMM), which comprises 356 datasets of bacterial 16S rRNA V6 amplicon sequences from 40 different studies ranging from marine pelagic and sediment samples to mangrove and sponge-associated environments (15) . This comparison with a range of more shallowly sequenced sites allowed us to investigate the overlap in community membership between biomes, the phylogenetic similarity of communities in different biomes, and the potential that deep-sequencing a given ecosystem might identify a core microbiota for the global ocean.
Results and Discussion
As hypothesized, we found that the L4-DeepSeq site showed significant overlap with the ICoMM datasets. This overlap increased with increasing sequencing depth. Specifically, we show that with increasing sequencing depth at the L4 site, Faith's phylogenetic gain (the fraction of shared branch length unique to a query sample relative to a reference sample; hereafter referred to as "phylogenetic gain") for the pooled ICoMM data decreased with respect to the L4-DeepSeq sample (16) . In other words as sequencing depth increases, the degree of phylogenetic overlap between the L4-DeepSeq sample and the pooled ICoMM data increases (Fig. 1) . Given this trend, one question that arises is how deeply we would need to sequence the L4 site to see full phylogenetic overlap with the current ICoMM database. Extrapolation of the apparent log-linear relationship between sequencing depth and phylogenetic overlap suggests that, to achieve a 100% overlap, a 16S rRNA V6 sequencing depth of 1.93 × 10 11 reads would be required. Such an experiment is feasible in principle, although to collect enough cells for sequencing at this depth, >200 L of seawater would have to be filtered (compared with the 2 L collected for our L4-DeepSeq sample), and $1.34M would be spent on sequencing (based on 2.5 billion reads per Illumina HiSeq2000 run at $20,000 per run). This experiment would expand the amount of material sampled by two orders of magnitude, although both these sample volumes are miniscule compared with the size of the marine environment, and the difference is not predicted to affect the result substantially.
We also can quantify the overlap between the ICoMM datasets and the L4-DeepSeq sample nonphylogenetically by calculating the number of OTUs shared between L4-DeepSeq and each ICoMM biome. A total of 108,866 nonsingleton OTUs at 97% identity were identified in the pooled, nonrarefied ICoMM and L4-DeepSeq datasets. Of these nonsingleton OTUs, 74,404 were found in the ICoMM samples, and 44,165 were found in the L4-DeepSeq sample. The ICoMM data were summarized by biome and resampled to an even depth of 15,790 sequences per biome (the depth of the smallest sequencing effort). Of the OTUs identified in each ICoMM biome, 31.7-66.2% were found in the L4-DeepSeq sample ( Fig. 2A) . As expected, the neritic epipelagic biome, which includes the L4 site, has the highest overlap (lowest OTU gain, i.e., the fraction of OTUs unique to a query sample relative to a reference sample). Surprisingly, the phylogenetic gain for the neritic epipelagic biome is close to the average across all biomes (Fig. 2B ). This result may reflect the fact that more individual samples came from the neritic epipelagic biome (Table  S1 ), which has a wide geographic distribution (thus increasing the chances of detecting more site-specific, phylogenetically divergent taxa). Strikingly, two of the lowest overlaps with L4-DeepSeq were observed for the estuarine and mangrove biomes, which represent a shift from the standard fully saline marine ecosystems to a reduced-salinity environment, supporting the observation that salinity is a major driver of microbial community structure (17) . Our main finding is that, on average, 44% of the microbial community in any given biome was present at a single geographic site (L4). Therefore, at a detection resolution of 10 million sequences, almost half of all marine microbial taxa (from any given biome) also are found in an arbitrarily chosen sample if sequenced at sufficient depth, although the extent of this core depends on some of the choices made in the analysis (Materials and Methods). This result could help explain recent work showing the unexpectedly wide distribution of certain organisms (such as thermophilic endospores) in arctic sediments (18) .
If this dispersed, shared seed bank exists, community differences between sites are a function both of depth of sequencing (a technical issue) and the fact that taxa are found in significantly different proportions as driven by a range of environmental factors (e.g., light, temperature, nutrients). In our analysis of the ICoMM datasets, as expected, community structure (both composition and abundance of taxa) gave a unique signature for each biome, leading to biome-specific sample clustering (Fig. 3) ; however, many OTUs from L4-DeepSeq were shared with all other biomes (shown by the radiating white edges in Fig. 3 ), highlighting the considerable OTU overlap revealed by deep sequencing one sample. Despite this high overlap, the differences in taxonomic composition between L4-DeepSeq and the ICoMM biomes still were substantial, as defined by the presence of abundant OTUs in each biome that were not found in the L4-DeepSeq sample. In Fig.  3 , the large phylogenetic tree shows the evolutionary relationships between the abundant (>500 reads) OTUs in the combined ICoMM and L4-DeepSeq dataset, and the smaller trees display the lineages that contained abundant ICoMM OTUs not found in the L4-DeepSeq dataset (colored wedges). For example, the marine cold seep biome contributed OTUs from the Halanaerobiaceae family. This family includes anaerobic, halophylic species, which have been found to be highly abundant in hypersaline brine pools such as those associated with cold seeps (19) ; this comparison suggests that a number of Halanaerobiaceae OTUs in the cold seep biome were not detected in the L4 site (hence the Halanaerobiaceae lineage is colored), whereas all the abundant OTUs (>500 sequences) from every other lineage were all shared between the cold seep biome samples and L4 (hence they are white). The neritic sublittoral zone, which included sponge-associated samples, contributed taxa from the Desulfovibrio that were not present in the L4-DeepSeq sample (Fig. 3) . Representatives from Desulfovibrio have been identified in sponges previously (20) and are known coral pathogens (21) . Finally, the marine hydrothermal vent samples contributed members of the Campylobacterales not detected in the L4-DeepSeq sample. Campylobacterales is an order within the e-proteobacteria that includes both free-living and host-associated chemolithotrophs, such as those associated with tube-worms surrounding hydrothermal vents (22) . These biome-specific OTUs (potentially endemic OTUs) highlight differences in the taxonomic lineages that have a degree of endemism between biomes. Understanding the phylogenetic diversity that is unique to each environment can shed light on the ecological processes and interactions that are important in those biomes.
Despite the clear overlap between the L4-DeepSeq sample and individual ICoMM biomes, no significant core microbial community was found among the shallowly sequenced ICoMM samples at the OTU level (97%; Fig. S1 ). However, Fig. 1 suggests that if we were to sequence any particular ICoMM biome to 10 million reads, we would see patterns of overlap similar to those that were detected in the L4 site. When comparing across the ICoMM data (at 5,000 sequences per sample), the single most ubiquitous OTU (from Rickettsiales) was found in 63% of the ICoMM samples and 90% of the biomes. Combined with the L4-deepseq results, this result suggests that (in certain cases) observed microbial endemism might be an artifact of low sequencing depth ( Fig. 1 and Fig.  S1) . Interestingly, at current levels of sequencing depth, OTUs that were shared among multiple samples tended to be abundant (Fig. S2) , suggesting that a core taxon is far more likely to be represented by an abundant OTU than by a rare one, although several rare taxa are shared among sites (Fig. S2) . Prior work has supported that higher population density increases the probability of dispersal (10), as is consistent with our finding that abundant OTUs tend to be shared and rare OTUs seem to be disproportionately endemic. However, this finding simply may be the result of the limits of detection, because higher density also would improve the chances of being picked up by shallow sequencing efforts. We note that a similar observation also would be likely if low-abundance reads represented sequencing error. Differentiating low-abundance 16S rRNA reads from erroneous reads is still an open research challenge, although we attempted to be conservative with our quality controls.
Taken together, these results support our hypothesis that the global ocean contains a persistent microbial seed bank and that changes in community structure primarily reflect shifts in the relative abundance of taxa rather than their presence or absence. The presence of a shared seed bank has broad implications for ecological theory and for microbial community modeling. If every organism may occur anywhere, dispersal limitation is less important, because low-abundance populations can expand rapidly when conditions are right. A seed bank also would help explain the observed seasonal relationship between taxonomic evenness and taxonomic richness in the Western English Channel, where increased evenness also increases observed richness at a given sequencing depth [because fewer rare taxa are missed because of sampling considerations (6)], and may explain these patterns in other habitat types. To address this hypothesis further, future work in microbial biogeography should focus on increasing both sequencing breadth and depth to understand the difference between rare and absent taxa. We note that the present results deal only with the phylogenetic distribution of 16S rRNA gene-defined phylotypes, and endemism that would not be detected using the present techniques may occur at the whole-genome level. Geographically localized evolution and natural selection undoubtedly will lead to differences in genome sequence between spatially distant but phylogenetically similar organisms, and characterizing these finescale differences remains an important challenge for the field.
Materials and Methods
Sequencing. All bacterial sequence data analyzed in this study were obtained from the V6 hypervariable region of the 16S rRNA gene. All amplicons were generated using procedures outlined in Huber et al. (23) using a set of five forward primers (67F-PP: 5′-gcctccctcgcgccatcagCNACGCGAAGAACCTTANC-3′; 967F-UC1: 5′-gcctccctcgcgccatcagCAACGCGAAAAACCTTACC-3′; 967F-UC2: 5′-gcctccctcgcgccatcagCAACGCGCAGAACCTTACC-3′; 967F-UC3: 5′-gcctccctcgcgccatcagATACGCGARGAACCTTACC-3′; 967F-AQ: 5′-gcctccctcgcgccatcagCTAAC-CGANGAACCTYACC-3′) and four reverse primers (1046R: 5′-gccttgccagcccgctcagCGACAGCCATGCANCACCT-3′; 1046R-PP: 5′-gccttgccagcccgctcagCGACAA-CCATGCANCACCT-3′; 1046R-AQ1: 5′-gccttgccagcccgctcagCGACGGCCATGCAN-CACCT-3′; 1046R-AQ2: 5′-gccttgccagcccgctcagCGACGACCATGCANCACCT-3′). The raw ICoMM sequence data were downloaded from the ICoMM database (http://icomm.mbl.edu). The L4-DeepSeq sample was taken on December 12, 2007, as described previously (6) . The L4-DeepSeq data have been deposited in the European Bioinformatics Institute-Sequence Read Archive database under the accession number ERP001778.
Sequence Processing and Analysis. All sequence analysis was done using QIIME 1.5.0-dev (24) . ICoMM 454 data were denoised using the QIIME denoiser (25) . Concern over whether the ultra-deep sequencing of the 16S rRNA V6 region would lead to a saturation of sequence variability space was alleviated because the potential variability within the 62-bp-long fragment provides a total of 5.32 × 10 36 97% clustered OTUs. Therefore, the observed seed bank cannot statistically be the result of a lack of variation in 16S rRNA, even if variation is constrained by known secondary structure features, which are highly variable for V6. A two-step open-reference OTU picking workflow was developed within the QIIME environment. In the first step, OTUs were picked (i.e., reads were binned into species groups based on 97% sequence similarity) for the L4-DeepSeq sample against the Greengenes database (26) preclustered at 97% identity, and reads that did not group with any sequences in the reference collection were clustered de novo. A representative sequence was chosen as the cluster centroid for each de novo OTU, and these representative sequences were combined with the full Greengenes set and used as the reference for open-reference OTU picking on the ICoMM samples. Cluster centroids for new OTUs were chosen again as the OTU representative sequences, and all representative sequences from the L4-DeepSeq sample and the ICoMM samples were combined and aligned against the Greengenes core set with PyNAST (27) . All OTUs whose representative sequences failed to align were discarded. Two different phylogenetic trees were used in these analyses: one for open-reference OTU picking, and one for closed-reference OTU picking. The open-reference out-picking tree is generated by aligning OTU representative sequences (i.e., cluster centroids) with PyNAST against the Greengenes core set (version: February 2011) (27, 28) , filtering highly variable positions as defined by positions with a 1 in the corresponding "lanemask" (29) , and building a tree using FastTree 2.1.3 with default parameters (30) . This is the standard workflow in place in pick_subsampled_reference_otus_through_otu_table.py in QIIME 1.5.0-dev. The closed-reference OTU picking tree is the Greengenes tree, pruned to contain only tips corresponding to OTU representative sequences (i.e., cluster centroids) in the 4feb2011 97% OTU reference collection. The construction of this tree is described in McDonald et al. (26) (see below). Briefly, the Greengenes tree (February 2011) was built from quality-filtered (26), full-length 16S rRNA sequences (97%-similar OTUs), using FastTree v2.1.1 with a maximum likelihood method [CAT (short for CATegorization) approximation, with branch lengths rescaled using a gamma model] (30). Taxonomy was assigned to each sequence using the Ribosomal Database Project classifier (31) retrained on Greengenes. All eukaryotic and archaeal OTUs (i.e., those not classified as k_Bacteria) were filtered out of the OTU table, because the goal of this study was to focus on the composition of the bacteria community, leaving 356 ICoMM samples (∼8 million reads total, after quality control) and the L4-DeepSeq sample (∼10 million reads, after quality control). Singleton OTUs were filtered out of the L4-DeepSeq sample, as were ICoMM OTUs that appeared in only a single sample, to reduce further the noise caused by PCR or sequencing error. Note that a two-study heuristic was applied to the ICoMM samples, meaning that each OTU must appear in at least two samples to be included in downstream analysis, but for the L4-DeepSeq sample only a twoobservation heuristic was applied, meaning that each OTU must be observed at least two times, but both of those observations can be in the same sample (See Table S2 for overlap values resulting from a two-observation heuristic applied to all the data). Our reasoning is that we expect to see many more reads of truly rare organisms in the L4-DeepSeq sample because of the greater sequencing depth, so imposing a two-sample heuristic against samples with much lower sequencing depth would result in the filtering of real OTUs. This approach results in conservative (i.e., low) estimates of the fractions of ICoMM OTUs observed in L4-DeepSeq. See Datasets S1 and S2 for Fig. 3 . Biome-specific community clustering and phylogenetic differences between biomes and the L4-DeepSeq sample. The network in the center of the figure was constructed in Cytoscape, using the BioLayout format (edge-weighted, force-directed). To reduce the complexity of the network, only OTUs that appear more than 500 times in the OTU table were included. Nodes and edge colors represent biome type (see Figs. S4 and S5). OTUs are represented as invisible points at the fringes of the plot (i.e., at the termini of the edges). Each OTU is connected to the samples in which it appears via an edge (colored according to the biome to which the sample belongs). The white-colored node at the center of the network represents the L4-DeepSeq sample. All edges connected to the L4-DeepSeq sample also are colored white to allow visualization of overlap with other biomes. The phylogenetic tree in the upper left corner of the plot shows taxa that are unique to particular environments (i.e., that are not present in the L4-DeepSeq sample; the wedge area is proportional to abundance). Smaller trees highlight individual biomes (only taxa contributed from that biome are shown in color, and the remaining branches of the tree are shown in white). The larger tree serves as the key for the smaller identical trees, displaying the names of each lineage. A high-resolution version of this figure is available in Fig. S3 (see Figs. S4 and S5 for keys).
a comprehensive list of the QIIME commands used to generate these analyses and for the full OTU table (generated with the two-observation/two-sample heuristics for L4/ICoMM), respectively. ICoMM samples were rarefied (randomized resampling without replacement) to 5,000 sequences per sample (resulting in the retention of 355 ICoMM samples), and the rarefied ICoMM OTU table was combined with the full L4-DeepSeq set. OTU gain (the number of OTUs unique to a query sample relative to a reference sample) and phylogenetic gain [the fraction of shared branch length unique to a query sample relative to a reference sample; Faith's phylogenetic gain, in units of UniFrac branch length (31)] were calculated for each ICoMM sample and for the pooled ICoMM data relative to the L4-DeepSeq sample (16) . Alpha diversity, beta diversity, and the core microbiome were calculated and plotted using QIIME (24) .
Analyses of the ICoMM data were performed with and without the L4 ICoMM samples [86 samples (4) ]; however, the results reported here were analyzed excluding the L4-ICoMM samples (to be conservative in our estimation of community overlap). The slight offset between the L4 ICoMM samples and the L4-DeepSeq sample (resulting, in part, from differences in the source and frequency of sequencing errors between Illumina and 454 platforms) was greater than observed previously (6) . This discrepancy is the result of an updated strategy [relative to ref. 6] for OTU picking and calculating fractional OTU gain (as described above) and our use of a newer version of the Greengenes reference collection. Therefore, we applied the OTU richness gain, fractional OTU gain, and phylogenetic gain (415, 0.188, and 0.010, respectively) from the L4 ICoMM December 2007 sample relative to the L4-DeepSeq sample, which were sequenced from the same extract and PCR product, as a correction factor in this study. This step was not performed in a previous analysis (6) .
To assess how sequencing depth at the L4 site impacted the phylogenetic overlap between the L4 site and the entire ICoMM dataset, we rarefied the L4-DeepSeq sample from between 5,000 and 10 million reads. Bootstrapped phylogenetic gains were calculated for each rarefaction depth (n = 10), relative to the full ICoMM dataset.
Biome clustering was visualized using a network diagram, constructed with QIIME 1.5.0-dev and Cytoscape (33) . To cluster the OTUs and biomes in the network diagram, we used the stochastic spring-embedded algorithm (BioLayout), as described previously (34) , in which nodes act like physical objects that repel each other, and connections act like a spring with a spring constant and a resting length. The nodes are organized in a way that minimizes forces in the network and therefore brings together the samples that share the most OTUs at highest abundance. The phylogenetic trees annotating Fig. 3 were produced as follows. The tree is the Greengenes tree (version: February 2011) (26), collapsed to show major groups and pruned to eliminate OTUs that were not found in any of the environments that were considered in the study. For coloring the tree, OTUs found in L4-DeepSeq were eliminated to produce a reduced OTU table showing only what is unique relative to L4-DeepSeq. The guide tree is colored by sample metadata per environment, using the categories as shown in the diagram. Colors are propagated from the tips of the tree (OTUs where sequences were found in specific environments) back through the rest of the tree. All environments other than the one selected were set to "no count" in TopiaryExplorer (35) , so that the OTUs found in each environment but not in L4-DeepSeq are colored independently (for example, if a given OTU is found both in deep sediment and in surface water but not in L4-DeepSeq, it will be colored in both those trees). Consequently, colored wedges highlight the taxa of the OTUs found in each environment that are unique with respect to L4; however, if a wedge is colored, this coloring need not imply that the majority of possible taxa in that wedge were found in that environment.
Core communities were defined in two ways: (i) the community shared between individual or pooled ICoMM biomes and the L4-DeepSeq sample; and (ii) the community overlap between a given percentage of the ICoMM samples. The first definition highlights the consensus community that results from comparing a shallow-sequence sample (∼16,000 reads per biome) with a deep-sequenced sample (∼10 million reads). The second definition highlights the shared community between two or more shallow-sequenced samples. Gain calculations (see above) were used to compute the first core type, and the script compute_core_microbiome.py (QIIME 1.5.0-dev) was used to compute the second core type.
